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Sudden cardiac death (SCD) in an athlete is devastating to families and communities. The annual incidence of SCD in athletes is estimated from 1 to 6 per 100 000 persons. [1] [2] [3] The most common conditions that increase SCD risk include hypertrophic cardiomyopathy (HCM), coronary artery anomalies of wrong sinus origin, arrhythmogenic right ventricular cardiomyopathy, and various arrhythmia syndromes. [4] [5] [6] These diagnoses are typically undetected before SCD. Electrocardiograms (ECGs) may detect some cases during the asymptomatic phase, enabling interventions to reduce SCD risk.
Most clinical guidelines currently recommend that children considering competitive athletics be screened via careful history and physical examination (H&P) before sports participation, with cardiology referral and ECG in cases with abnormal cardiac examination, personal history of cardiac symptoms, or family history of SCD. However, some experts advocate adding ECGs to the current standard of preparticipation care. [7] [8] [9] Critics of such a strategy cite lack of evidence of effectiveness and feasibility, implications for personnel requirements, cost considerations, and the negative impact of false-positive screening results. [10] [11] [12] Rational policy-making regarding enhanced screening for athletes is limited by lack of evidence on its likely benefits and costs.
We conducted a modeled cost effectiveness analysis of 2 strategies that incorporate routine ECG screening as part of preparticipation evaluation of athletes, compared with the current standard. Previous economic evaluations of preparticipation ECG screening in athletes have had important methodological limitations 5, 13, 14 or have not accounted for quality of life implications of the screening program as part of the primary outcome measure. 15 We address these limitations here, with the objective of informing clinicians, policy-makers, and researchers.
METHODS
A state-transition Markov model was constructed to evaluate the costeffectiveness of 3 strategies to screen adolescent athletes in the United States for heart disease (HD) known to increase risk for SCD. 16 The end points for the analysis are screening and treatment costs, quality-adjusted life years (QALYs), and premature deaths averted.
HD Screening Strategies
We compared 3 main screening strategies to identify SCD risk, shown in Fig 1: (1) H&P, with children with potential abnormalities being referred for pediatric cardiology evaluation. Strategy 1 is the current standard of care and was used as a reference to estimate the cost-effectiveness of 2 alternative strategies: (2) H&P, followed by ECG in children with negative H&P, with children with abnormalities on either test being referred for definitive cardiology evaluation; and (3) cardiac risk screening based on ECG only, with referral for cardiology evaluation for abnormal ECGs. To mirror the likely practice model in the community, and because H&P likely provides benefits beyond screening for cardiac risk, the model assumes that patients would still receive H&P under strategy 3 but that cardiology referral would be based solely on ECGs.
Under each strategy, patients can be divided into 4 subgroups: those without HD who also screen negative
FIGURE 1
Alternative strategies to screen for risk of SCD. Strategy 1 reflects current practice. Strategies 2 and 3 reflect alternative clinical decision rules for ECG and cardiologist referral.
(true-negatives); those with HD who are missed by the screening (falsenegatives), who are treated like truenegatives; those with HD who are correctly identified and thus treated for their HD and restricted from athletic participation (true-positives); and those without HD who incorrectly screen positive (false-positives), who are treated and restricted unnecessarily.
HD Diagnosis and Treatment
We assumed that cardiology evaluations would always involve an ECG (ie, a second ECG under strategies 2 and 3), and 90% would also involve an echocardiogram. We assumed that the sensitivity and specificity of cardiology evaluation is high but not perfect; thus, some patients would receive a falsepositive diagnosis after the initial cardiology evaluation. We assumed that cardiologists re-evaluate all patients with a positive diagnosis biannually for the first 3 years, leading to 20% of false-positives per year being correctly re-classified as true-negatives. After 3 years, diagnoses would be permanent, whether true or false.
We assumed that patients with HD would fall into 1 of 3 diagnostic categories: hypertrophic and other cardiomyopathies; arrhythmogenic syndromes (eg, long QT syndrome, catecholaminergic polymorphic ventricular tachycardia); and other (eg, myocarditis, congenital HD). Within each category, patients would be "low risk" or "high risk" for SCD, based on clinical characteristics at the time of diagnosis. Low-risk patients were treated with observation alone or with medication (b-blockers). All highrisk patients were treated with medication and had a fixed, yearly probability of undergoing implantable cardioverterdefibrillator (ICD) implantation. Low-risk patients had a small probability to transition to high risk. All patients diagnosed with HD were restricted from competitive athletics.
Markov Transition Model
We modeled HD screening at age 14 and treatment and outcomes up to a maximum attainable age of 100, divided in annual Markov cycles. The complete set of Markov states, and transitions between them, are shown in the online Supplement Fig 4. Transitions relate HD status, cardiology treatment (which includes restriction from sports participation), and mortality. Table 1 presents our assumptions about model parameters and transition probabilities between Markov states. Parameter values were based on published research or on expert estimates within the research team when no relevant research was available. The model incorporated uncertainty in parameter values. Table 1 lists ranges for most parameters, which were assumed to follow a b distribution.
We estimated the prevalence of HD with SCD risk to be 0.1%. 5 We estimated the annual rate of SCD for boy nonathletes with low-risk HD to be 1%, [17] [18] [19] [20] and the corresponding rate for girls to be 0.4%. 17 High-risk disease elevated these risks by a factor of 3. 21, 22 Competitive athletics increased risk of SCD by a factor of 2.5 over baseline for boys and girls. 17 We estimated that there are 1 million 14-year-old potential athletes each year and that 59% of these were boys. 23 We assessed the costs of pharmacotherapy, associated medication management visits, and the value of patient/ parent time associated with treatment. We assumed that initial ECGs in strategies 2 and 3 would be read by someone with appropriate training and that these ECGs would require a separate medical appointment.
Health state utilities for adolescents and young adults with HD are scarce in the literature. Values and associated ranges are listed in Table 1 . We assumed that positive initial ECGs would reduce QALYs briefly due to stress, pending more definitive cardiology evaluation. We assumed that formal HD diagnosis reduced QALYs initially but that utility would recover on an exponential trajectory to near normal levels over time, except for patients who received an ICD implant.
Beyond Table 1 , we made several additional assumptions that affect the decision model:
1. Prevalence of HD with SCD risk is equivalent between boys and girls.
2. The effective sensitivity and specificity of H&P and ECG are independent.
3. All people identified with HD comply with treatment recommendations and avoidance of competitive athletics.
4.
Overall, 70% of high-risk patients will get an ICD within 10 years, approximately one-tenth of high-risk patients without ICDs each year.
5.
After age 50, the annual rate of SCD due to HD diagnosed by screening decreases by half.
Analysis
We conducted analyses from the societal perspective. Costs and QALYs were discounted at 3% in the base case. 24 Societal willingness to pay was assumed to lie below $50 000/QALY. [25] [26] [27] [28] Expected-value analysis and Monte Carlo simulations were performed. Costs and quality-adjusted life expectancies were calculated for each strategy and used to estimate incremental cost-effectiveness (ICE) relative to strategy 1. Monte Carlo simulation used 1000 trials, each with 1 000 000 patients, to assess the precision of cost-effectiveness estimates.
In each trial, model parameters were each sampled randomly across their respective distributions.
One-way expected value sensitivity analyses were performed on all parameters. Analyses used TreeAge Pro Healthcare 2009 software. e382 having both lower costs and better outcomes. Though strategy 2 captures slightly more true-positives, it also doubles the number of false-positives relative to strategy 3; the losses from the latter, due to stress and disutility of treatment, more than offset the gains from the former.
RESULTS

Base-Case Analysis
Monte Carlo Simulation Figure 2 shows the incremental costs and effectiveness of strategies 2 and 3 relative to strategy 1. The diagonal line represents the target societal cost threshold of $50 000/QALY, with trials to the right of that line signifying lower (ie, more favorable) ICE. Based on that threshold, strategy 2 has a 30% probability of cost-effectiveness, relative to strategy 1, whereas strategy 3 has a 66% probability of cost-effectiveness. The relatively wide scatter for strategy 2 is due to the application of 2 screening procedures (H&P + ECG), each involving some uncertainty. Figure 3 shows that if the target cost threshold is increased to $100 000/ 
FIGURE 2
Incremental cost and effectiveness relative to current practice. The scatter plot shows the results of 1000 Monte Carlo simulation trials for strategies 2 (green circles) and 3 (blue pluses). The 2 ellipses correspond to the 95% CIs around the 2 respective sets of results. The diagonal line represents the target societal cost threshold of $50 000/QALY, with trials to the right of that line signifying lower (ie, more favorable) ICE. Listed "P" represents the fraction of Monte Carlo trials that lie on or to the right of the target threshold.
FIGURE 3
Societal acceptability curve. The societal acceptability curve plots the probability that strategies 2 and 3, respectively, are cost effective relative to strategy 1, for different societal willingness to pay thresholds, based on Monte Carlo simulation. QALY, the probability of cost effectiveness increases to 72% for strategy 2 and 90% for strategy 3, relative to strategy 1. Table 2 shows the estimated number of SCDs per million-person cohort across the life course. Compared with strategy 1, strategy 2 is expected to avert 131 SCDs (95% confidence interval [CI]: 78-209) at a cost of $900 000 per averted SCD (95% CI: $0.6-$1.5 million), and strategy 3 averts 127 SCDs (95% CI: 77-198) at a cost of $600 000 per averted SCD (95% CI: $0.4-$1.0 million). Table 2 also illustrates the resource utilization that flows from the 3 strategies.
Sensitivity Analysis
Sensitivity analysis demonstrates that ICE of strategies 2 and 3, relative to strategy 1, is sensitive to the specificity and sensitivityof the respective screening procedures (ie, H&P, ECG, and cardiology evaluation) and to SCD-related parameters (eg, HD prevalence, annual SCD rate for nonathletes, incremental SCD risk from sports, and age limit for competitive sports). For instance, the ICE for strategy 2 meets the target willingness to pay threshold of $50 000/QALY if HD prevalence rises to 1.45 cases per 1000 from the assumed base of 1 per 1000, whereas ICE for strategy 3 exceeds the target for HD prevalence below 0.75 cases per 1000 (Supplemental Fig 5) . The model is also sensitive to the relative risk of SCD of athletes compared with nonathletes (Supplemental Fig 6) . The base value of the relative risk is 2.5. The ICE of strategy 2 falls below the target threshold if the relative risk of SCD exceeds 3. In contrast, the ICE of strategy 3 exceeds the target if the relative risk of SCD falls below 2.1.
With respect to the specificity of screening methods, strategy 2 would meet the target cost threshold if ECG specificity rose from 0.95 to 0.98, whereas ICE of strategy 3 exceeds the target for ECG specificities of 0.93 or below (Supplemental Fig 7) . The ICE of strategy 2 is insensitive to the specificity of H&P ( Supplemental Fig 8) . However, when specificity of H&P falls below 0.87, strategy 3 dominates strategy 1 (ie, better outcomes and lower cost); indeed, this is true generally when the specificity of ECG exceeds the specificity of H&P by 0.08 or more. In contrast, findings for strategies 2 and 3 are relatively insensitive to the sensitivity of ECG and of H&P ( Supplemental  Figs 9 and 10 ).
The ICE of strategy 2 relative to strategy 1 is very sensitive to the specificity of cardiologist assessment (Supplemental Fig 11) . If this specificity falls by 0.05 or more from the base value of 0.98, strategy 2 becomes inferior to strategy 1, whereas raising it by 0.01 improves the ICE by a factor of 2. Given our assumption that ECG and H&P have equal specificity, strategy 3 is insensitive to the specificity of cardiologist assessment. Sensitivity of cardiologist assessment has a linear effect on the ICE of strategies 2 and 3 relative to strategy 1.
Findings are not sensitive to utilities or most costs. The exception is cost of ECGs, which has a linear effect on the ICE of strategies 2 and 3. The price of ICDs, while high per case, does not substantively affect the model because they are used so rarely.
DISCUSSION
A cost-effectiveness analysis of alternative strategies of incorporating ECG screening in the preparticipation evaluation of athletes indicates that adding ECG to routine H&P, and referring any patient to cardiology who screens positive on either assessment (strategy 2), has an ICE of $68 800 per QALY relative to current practice (strategy 1). This exceeds a target societal willingness to pay threshold of $50 000/QALY. Strategy 2 averts 130 SCDs per million-child cohort relative to current practice at a cost of $900 000 per averted SCD.
An alternate strategy of routine ECG screening, and cardiology referral based only on ECG results (strategy 3), has favorable ICE relative to current practice at $37 700 per QALY and averts 127 SCDs per cohort at a cost of $600 000 per life saved. The cost of H&P was included in strategy 3, even though clinical decisions are only informed by ECG. Although this induces a conservative bias, it is unlikely that the H&P can be removed from the preparticipation evaluation. This, in fact, is undesirable because the H&P may serve purposes beyond identifying SCD risk, such as identifying noncardiac risk factors for sudden death and other medical issues not directly related to sudden death risk.
This study aims to inform the debate over cardiovascular screening of adolescent athletes. In addition to the costeffectiveness results, the model helps to inform several other aspects of this debate. First, the model provides an estimate of the total annual cost for adding a single ECG at age 14 to the current standard of care: ∼$116 million. Second, the model identifies important drivers of cost, particularly the rate of false-positives. Patients falsely diagnosed incur financial costs, and lower quality of life, associated with management of their "disease." Our model assumes cardiology assessment is highly specific and also allows for reclassifying false-positive diagnoses to true-negative diagnoses. Nevertheless, with 200 000 annual referrals to a pediatric cardiologist under strategy 2, even a small false-positive rate has significant impact. False-positives are also driven by ECG specificity, especially if our base value of 0.95 turns out to be difficult to achieve in a mass screening program. Third, the model identifies resource and personnel needs that routine screening might require.
We note that some of the parameters to which our model is sensitive currently have limited empirical basis, particularly the specificity of ECG, the prevalence of relevant HD in this population, the rate of SCD, and the incremental risk of playing competitive sports. Research to improve the quality of data for such parameters could particularly advance the debate about cardiovascular screening.
Wheeler et al 15 recently conducted an analogous study. Their findings were similar to those here regarding the estimated cost-effectiveness of H&P plus ECG (corresponding to our strategy 2) versus H&P alone (our strategy 1). However, these similar findings are potentially coincidental because the respective studies had many methodological differences. For instance, Wheeler et al 15 assume that quality of life returns fully to "healthy" levels within 4 years of HD diagnosis, whereas we assume lifelong decrements due to HD-associated treatment and sports restrictions. We permit some reclassification of falsepositives after initial diagnosis, whereas Wheeler et al 15 Wheeler et al 15 use a base SCD risk ratio of ∼6 between people with HD who do and do not participate in sports; we use a value of 2.5. This highlights an important assumption underlying both models: that athletic activity increases the risk of SCD in sensitized populations. Although this assumption is supported by epidemiologic data from Italy, 17 recent data from a Danish cohort suggests otherwise. 29 We believe that a conservative estimate of relative risk is warranted. To illustrate the impact of this particular design difference, we re-estimated our model by using the higher SCD risk ratio. With this change, estimated ICE fell to $23 200/QALY for strategy 2 vs 1 (94% chance to fall under the $50 000/QALY threshold) and to $14 400/QALY for strategy 3 vs 1 (98% chance).
Finally, we note a difference in emphasis: Wheeler et al' s 15 primary outcome was life years saved, whereas we focus on QALYs. In our view, quality of life issues are also central in assessing the net value of ECG screening, including the disutility associated with HD treatment and sports restrictions for both true-positives and (perhaps especially) false-positives. As Wheeler et al 15 report in secondary analyses, and we find here, estimated cost effectiveness of enhanced screening is somewhat less favorable using the QALY metric.
This study has important limitations. First, certain assumptions represent an idealized world (ie, that patients will fully comply with activity restrictions). However, we wanted to evaluate the different screening strategies under best-case scenarios. Second, we classify diseases into 3 broad groups to model therapies. This is obviously a simplification; our model is more granular, though, than previous efforts, and sensitivity analyses suggest that costs and effectiveness of therapies are not prominent drivers of outcome. Third, certain costs were not included in the model, including costs for infrastructure, liability, and training ECG readers. Most critically, there is limited empirical evidence available regarding important model parameters. When data were available, they were derived primarily from cohort and observational studies, which are more susceptible to bias than randomized trials; in other cases (such as our assumption that ECG and H&P specificities are independent) we know of no available literature.
CONCLUSIONS
Under a societal willingness to pay threshold of $50 000/QALY, adding ECGs to current preparticipation evaluations for athletes is not cost-effective, whereas screening based only on ECGs has more favorable cost-effectiveness. Research to improve the quality of data available on those parameters that significantly influence cost-effectiveness would particularly advance the debate about cardiovascular screening.
